A cDNA library transfer system based on retroviral vectors has been developed for expression cloning in mammalian cells. The use of retroviral vectors results in stable cDNA transfer efficiencies which are at least 100-fold higher than those achieved by transfection and therefore enables the transfer and functional screening of very large libraries. In our initial application of retroviral transfer of cDNA libraries, we have selected for cDNAs which induce oncogenic transformation of NIH 3T3 fibroblasts, as measured by loss of contact inhibition of proliferation. Nineteen different transforming cDNAs were isolated from a total of 300,000 transferred cDNA clones. Three of these cDNAs were derived from known oncogenes (raf-1, lck, and ect2), while nine others were derived from genes which had been cloned previously but were not known to have the ability to transform fibroblasts (␤-catenin, thrombin receptor, phospholipase C-␥ 2 and Spi-2 protease inhibitor genes). The Spi-2 cDNA was expressed in antisense orientation and therefore is likely to act as an inhibitor of an endogenous transformation suppressor. Seven novel cDNAs with transforming activities, including those for three new members of the CDC24 family of guanine nucleotide exchange factors, were also cloned from the retroviral cDNA libraries. Retroviral transfer of libraries should be generally useful for cloning cDNAs which confer selectable phenotypes on many different types of mammalian cells.
Cellular oncogenes or proto-oncogenes can be cloned by selecting for their ability to confer the phenotype of deregulated growth on cells in which they are expressed. This was first done by transfecting fragmented genomic DNA into cell lines such as NIH 3T3 fibroblasts which are susceptible to single-hit oncogenic transformation (13, 15, 31, 36, 40, 46) . Subsequently, stable transfection of these cells with cDNA libraries in plasmid or phage expression vectors has been used as an alternative approach, to avoid the severe difficulties which have been encountered in recovering and analyzing oncogenes present in transfected genomic DNA (8, 9, (32) (33) (34) . Despite the theoretical advantages of working with transfected cDNA expression libraries, only a small fraction of the many currently known oncogenes have been cloned in this way. The most significant limitation in the use of cDNA library transfer for cloning oncogenes has been the low efficiencies of cDNA transfer and expression which can be achieved by stable transfection methods. It is difficult to generate more than a few tens of thousands of transfectants in which cDNA clones are being expressed at adequate levels, but a comprehensive screening of a mammalian cDNA library demands the transfer and expression of several million clones. Therefore, the small number of oncogenes which have been cloned so far from transferred libraries is unlikely to be due to exhaustion of the pool of cDNAs with oncogenic potential but rather is a result of a failure to transfer, and thus detect, most such cDNAs.
In contrast to deliberately constructed cDNA libraries, natural populations of retroviruses have served as a prolific source of oncogenes, through their ability to incorporate and mutationally activate cDNA copies of host cell mRNAs and then to transfer them to recipient cells by infection (5) . Artificial retroviral vectors with equivalent abilities to transfer and express cDNAs in mammalian cells (35) could be ideally suited to screening libraries for cDNAs conferring selectable phenotypes such as deregulated cell growth. Previous reports have indicated the potential for using retroviruses to clone cDNAs conferring selectable phenotypes, as demonstrated by the isolation of cDNAs encoding thymidine kinase (TK) via rescue of TK Ϫ fibroblasts (39) and cDNAs encoding interleukin-3 and granulocyte-macrophage colony-stimulating factor via conversion of hemopoietic cell lines to cytokine-independent growth (42) . This report describes the development of an efficient system for cDNA library transfer and expression by retroviral vectors and its application to the cloning of a large number of cDNAs which induce oncogenic transformation of murine fibroblasts.
MATERIALS AND METHODS
pCTV vectors. pCTV1 was constructed from the following elements: (i) an NheI-KpnI fragment containing the U3 region and part of the R region of Moloney murine leukemia virus (MMLV), excised from the JZen retroviral vector (22) ; (ii) a KpnI-XhoI fragment extending from the R region to base 1035 in the MMLV genomic sequence (GenBank accession number J02255), derived by PCR from the pBabeHygro retroviral vector (38) ; (iii) an XhoI-ClaI fragment containing a synthetic cloning site and an adjacent supF gene (43) , derived by PCR from the pAX114 expression vector (24) ; (iv) a ClaI-BamHI fragment from a subclone containing the myeloproliferative sarcoma virus (MPSV)-MMLV hybrid 3Ј long terminal repeat (LTR) from JZen along with 110 bp of uncharacterized genomic DNA sequence downstream of the LTR; and (v) a BglII-SpeI fragment from pAX114, containing the ␤-globin and simian virus 40 (SV40) polyadenylation sites, the SV40 origin of replication, and the origin of replication from pUC8.
pCTV3 was constructed by inserting a ClaI-AccI fragment containing a hygromycin resistance gene into the ClaI site of pCTV1. This gene consists of a synthetic polyomavirus enhancer and a herpes simplex virus TK promoter (49) attached to a hygromycin phosphohydrolase gene (3) with a modified translation initiation sequence. pCTV1B and pCTV3B were derived by inserting the 380-bp BstYI fragment containing the BstXI stuffer fragment of pCDM8 (44) between the SalI sites of pCTV1 or pCTV3.
pCTV3K was derived from pCTV3 by replacement of the supF gene with the P1 promoter of pBR322 and the neomycin phosphotransferase coding region of Tn5 (1).
cDNA constructs. The CD24 cDNA used for quantifying cDNA transfer and expression was the 950-bp clone described previously (25) . The N-Ras cDNA was amplified by PCR from a cDNA library prepared from the SK-N-SH neuroblastoma cell line (13) . This cDNA has a Gln-61-to-Lys mutation which results in oncogenic activation. The polyomavirus early region construct extended from 153 to 2926 in the polyomavirus genomic sequence (GenBank accession number J02288).
Construction of cDNA libraries in pCTV vectors. Poly(A) RNA was prepared from the murine hemopoietic cell lines GM979 (7), 32D (17) , and B6SUtA 1 (17) by guanidinium isothiocyanate lysis and oligo(dT) chromatography as described previously (12, 21) . cDNA was synthesized from the poly(A) RNA by using MMLV reverse transcriptase (Life Technologies, Gaithersburg, Md.) and random sequence primers, with the procedures and reagents recommended by the supplier. 5Ј phosphorylated BstXI adapters (TCAGTTACTCAGG and CCTGA GTAACTGACACA) were ligated to the double-stranded cDNA, which was then size fractionated by agarose gel electrophoresis. Twenty nanograms of BstXI-digested and dephosphorylated pCTV3B or pCTV1B plasmid DNA was ligated with an equimolar amount of the size-fractionated cDNA in 10 l of 25 mM Tris-Cl (pH 7.8)-5 mM MgCl 2 -1 mM dithiothreitol-1 mM ATP-0.5 U of T4 DNA ligase (Life Technologies); the mixture was incubated at 16ЊC for 3 h and then for 20 min at 72ЊC. The ligation reaction was used to transform Escherichia coli MC1061/p3 (45) by electroporation, using the procedures described in the operating manual for the GenePulser electroporation apparatus (BioRad, Richmond, Calif.). After a 90-min incubation at 37ЊC, the transformed bacteria were plated in soft agar, incubated at 37ЊC for 20 h, and then recovered from the agar as described previously (50) . Plasmid DNA was prepared from the pooled bacterial colonies by the alkaline lysis procedure (4), digested with RNase A and RNase T 1 , and precipitated with ammonium acetate and ethanol.
Transfection of packaging cells and infection of NIH 3T3 cells. Six-centimeterdiameter culture dishes containing 1.5 ϫ 10 6 GPϩE-86 cells (29) were washed twice with Dulbecco's modified Eagle's medium (DME; Stem Cell Technologies, Vancouver, British Columbia, Canada) containing 20 mM N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES; pH 7.2); 2 ml of DME-HEPES containing 2 g of plasmid DNA and 200 g of DEAE-dextran (molecular weight, 500,000; Pharmacia) per ml was then added, and the cells were incubated for 60 min at 37ЊC. The cells were washed twice with DME-HEPES containing 10% calf serum and incubated for 3 h in DME-HEPES containing 10% calf serum and 200 M chloroquine, after which the medium was replaced with DME-10% calf serum; 45 h later, the culture medium was replaced with 4 ml of DME-10% calf serum containing 5 mM sodium butyrate to enhance transcription from the transfected plasmids (16) . The medium containing secreted viruses was collected 18 h later and filtered, and Polybrene was added to a concentration of 10 g/ml. This viral supernatant was then added to a 10-cm-diameter dish containing 5 ϫ 10 5 NIH 3T3 cells. After a 16-h incubation at 37ЊC, the viral supernatant was replaced with DME-10% calf serum; the NIH 3T3 culture was maintained with twice-weekly feedings of this medium for 3 to 4 weeks to allow the emergence of transformed foci.
PCR recovery of proviral cDNA inserts. Transformed cells were plucked from infected NIH 3T3 cell cultures and expanded to 10 6 cells, and genomic DNA was prepared by proteinase K digestion, phenol extraction, and ethanol precipitation. Fifty-microliter PCR reaction mixes contained 300 g of genomic DNA, 100 ng of primers annealing to retroviral vector sequences (5Ј primer, CTCACTCCT TCTCTAGCTC; 3Ј primer, CACACTGCTCGAATCAAGC), 200 M each deoxynucleoside triphosphate, 1.25 U of Pfu DNA polymerase (Stratagene), and the buffer provided with the polymerase. Thermal cycles were as follows: 1 at 95ЊC for 60 s; 5 at 95ЊC for 60 s, 50ЊC for 30 s, and 72ЊC for 300 s; and 30 at 95ЊC for 30 s, 50ЊC for 30 s, and 72ЊC for 300 s. After cycling, 150 l of 1.5 M ammonium acetate was added, and the reaction mix was extracted with chloroform and precipitated with 2 volumes of ethanol. Specific PCR products in a portion of the reaction were identified by Southern blotting, using a probe detecting the coamplified supF gene. The amplified DNA was then digested with MluI and BsiWI, and PCR products were purified by agarose gel electrophoresis, electroelution, and ethanol precipitation. The purified PCR products were ligated with MluI-BsiWI-digested pCTV3K and used for transformation of E. coli MC1061/p3. Plasmids were then isolated from single bacterial clones. Plasmid clones which tested positive for transformation were recloned by bacterial transformation and retested for transformation to ensure that transformation was reproducible and was not due to a contaminating plasmid.
RESULTS AND DISCUSSION Design of retroviral vectors.
A set of retroviral vectors was constructed specifically for cDNA library transfer and expression cloning (Fig. 1) . The pCTV vectors were made as compact as possible to maximize stability of cDNA inserts during propagation both as plasmids in E. coli and as retroviruses. They contain a pair of BstXI sites separated by a stuffer fragment to allow the use of noncomplementary BstXI adapters for cDNA insertion (45) . Inserted cDNAs are included in the genomic viral transcript which initiates in the 5Ј LTR. This transcript also contains an extended packaging signal to maximize viral titers (2) . The gag initiation codon within this region has been removed by mutagenesis to allow efficient translation from initiator codons within inserted cDNAs (38) . All splicing signals have been removed from the pCTV vectors to avoid the activation of cryptic splice sites within inserted cDNAs, which FIG. 1. Structures of retroviral vectors for cDNA library transfer. The pCTV1 vector consists of a 5Ј MMLV LTR and extended gag region lacking the normal splice donor and initiation codon, a polylinker with a BstXI stuffer which is displaced by cDNA insertion, a supF gene which provides a compact marker for bacterial transformation as well as a marker for cDNA recovery, a composite MPSV-MMLV 3Ј LTR, and replication origins from pUC8 and SV40. The total size of pCTV1 is 4,350 bp. The pCTV3 vector is identical except for the presence of a 1,210-bp hygromycin phosphohydrolase gene driven by a polyomavirus (Py) enhancer and herpes simplex virus TK promoter. An exact description of the structure and construction of these vectors is available on request. After viral transmission, the region including and between the two LTRs becomes integrated into the recipient cell's genome as a provirus, with both 5Ј and 3Ј LTRs now being derived from the composite MPSV-MMLV LTR. Transcription of the provirus is initiated within the 5Ј LTR, and polyadenylation occurs within the 3Ј LTR. The N-Ras cDNA and polyomavirus early genes used to test for cDNA transfer and expression efficiencies are shown above the vector, with the alternative splicing and potential polyadenylation signals (pA) marked on the polyomavirus construct.
VOL. 15, 1995 CLONING OF ONCOGENES BY RETROVIRAL cDNA TRANSFER 705 would prevent cDNA transmission. The pCTV vectors also contain SV40 origins of replication so that the libraries can be used for expression cloning strategies dependent on episomal replication in COS cells (24, 45) . Production of retroviruses. Transient transfection of retroviral packaging cell lines was used to achieve the simultaneous, rapid, and proportionate conversion of very large numbers of cDNA clones into cDNA-bearing retroviruses. With a DEAEdextran-mediated transfection protocol combined with chloroquine and butyrate treatments, titers of about 10 5 infectious viruses per ml, as determined by hygromycin resistance, were obtained with the GPϩE-86 packaging line (29) . Infection of NIH 3T3 cell cultures with the viral supernatants produced by transient transfection resulted in the transfer of functional viruses to about 70% of the cells, as measured by expression of a cell surface protein encoded by a virus-borne cDNA (Fig. 2) . Transient transfection of GPϩE-86 cells with pCTV3-based cDNA libraries typically resulted in somewhat lower titers, in the range of 1 ϫ 10 4 to 4 ϫ 10 4 /ml, possibly reflecting the lower purity of the plasmid DNA obtained directly from bacterial colonies of the plated library. Such titers were still sufficiently high to allow the transfer of 100,000 cDNA clones by using 5 ml of supernatant for the infection of about 300,000 recipient cells. This is in striking contrast to our previous experience with direct transfection of NIH 3T3 and other cell lines, in which case the use of fully optimized transfection procedures (10, 11) and expression vectors (24, 37) resulted in cDNA transfer to only 0.1 to 0.5% of the recipient cells.
Detection of rare oncogenic cDNAs within transferred viral populations. One of our initial concerns about using retroviral vectors for cDNA library transfer was the possibility that many cDNA clones, especially longer ones, would be inefficiently transmitted or partially deleted during transmission. This might occur either through interference of the cDNA inserts with the transcription or packaging of the viral genomic RNA or through recombination between different cDNA clones sharing a common packaging cell or virus particle. To competitively test the fidelity of cDNA transmission, we constructed pCTV1 vectors carrying two distinctly different oncogenic cDNAs, i.e., an activated N-Ras cDNA of only 650 bp and a 2,850-bp region encompassing the entire early gene region of polyomavirus. In addition to its much larger size, the polyomavirus clone included alternatively utilized splice sites and two potential polyadenylation signals, features which would be expected to be found in some cDNAs and which have the potential to block formation of the intact genomic RNA needed for transmission. The N-Ras and polyomavirus vectors were highly diluted with pCTV1 vector to mimic a library containing rare oncogenic cDNAs. These DNA mixtures were then used to transfect GPϩE-86 cells, and the resulting supernatants containing released virus were used to infect NIH 3T3 cells. The small N-Ras clone and the large and complex polyomavirus clone were transmitted to the NIH 3T3 cells with similar efficiencies, which were roughly equivalent to their abundances within the population of plasmids used for the initial transfection of the packaging cells (Table 1) . Large numbers of transformed foci were induced in the infected NIH 3T3 cell cultures even when the abundances of the vectors carrying the N-Ras or polyomavirus clones were only 1:10,000 relative to inert vector. This result suggested that retrovirally transferred cDNA libraries could be used to detect the presence of transforming cDNAs with abundances of less than 1:100,000.
Recovery of retrovirally transferred cDNAs. To facilitate the analysis of the large number of transformed cell clones which were expected to be generated from cDNA library transfers, a PCR strategy was developed for rapidly recovering cDNAs from selected recipient cell clones and immediately reinserting them into the pCTV3 vector (Fig. 3) . Several thousand bacterial transformants were obtained from cDNA recovery procedures performed on transformed NIH 3T3 cell clones derived from infection with the 10,000:1 mixture of pCTV1 with pCTV1/N-Ras. The yields of bacterial transformants from recovery procedures performed on the polyomavirus-transformed cell clones were about 20-fold lower, in proportion to the lower yield of PCR amplification of the longer polyomavirus cDNA. All recovered cDNA clones which were examined had retained the original cDNA structure, with the exception in all polyomavirus clones of the loss of the 61-bp intron spe-FIG. 2. Determination of cDNA transfer and expression efficiencies. GPϩE-86 packaging cells were transfected with pure pCTV3 or pCTV3CD24 plasmid clones, the latter carrying a cDNA encoding the cell surface protein CD24 (25) . NIH 3T3 cells were infected with the resulting viral supernatants and 2 days later were stained with an anti-CD24 monoclonal antibody complexed with the fluorochrome phycoerythrin. Expression of CD24, as measured by fluorescence intensity, was analyzed by flow cytometry as described previously (25) . This intron would be expected to be spliced out during viral transmission. Three recovered N-Ras cDNA clones and seven recovered polyomavirus cDNA clones were reconverted to retroviral form by transient transfection of GPϩE-86 cells and then used to infect NIH 3T3 cells. All 10 of these clones were highly transforming, demonstrating that their oncogenic potential had been faithfully maintained through the process of transmission, PCR recovery, and retransmission. Isolation of oncogenic cDNAs from retrovirally transferred libraries. Three separate cDNA libraries derived from hemopoietic cell lines were constructed in the pCTV vectors. An estimated 300,000 viral clones were generated from these libraries by transient transfection of GPϩE-86 packaging cells and transferred to NIH 3T3 cells by infection. Cell cultures infected with these libraries developed a total of 83 distinctly transformed foci, with a variety of morphologies and growth rates, while uninfected cell cultures or those infected with viruses derived from the pCTV3 vector alone had 3-to 10-fold-lower frequencies of occurrence of transformed foci, equivalent to the spontaneous rate of transformation of the NIH 3T3 cells used in these experiments.
The foci of transformed cells which developed in the libraryinfected cultures were isolated and expanded, and transferred cDNAs within them were amplified by PCR and then cloned by ligation into the pCTV3K vector. Plasmids containing cDNA inserts of the expected sizes were tested for transforming activity by infection of NIH 3T3 cells, and the positive clones were sequenced to determine their identities. The mean sizes of recovered cDNAs with transforming activity were very similar to the mean sizes of the cDNAs in the originating libraries (Table 2) . Therefore, there did not appear to be significant discrimination against the transmission of larger cDNAs under the competitive circumstances of library transfer. Table 3 lists the 19 cDNAs with transforming activity which were recovered from PCRs performed on 47 of the transformed recipient cell clones. Twelve of the cDNAs encode proteins which have exact sequence identities to entries in the sequence databases. Three of these (Raf-1, Ect2, and Lck) are known to be able to oncogenically transform NIH 3T3 cells. Transforming activity of Raf-1 and Ect2 requires N-terminal truncation (28, 34, 47) , as had occurred in the cDNAs cloned from our retroviral libraries. Lck transforms NIH 3T3 cells when its kinase activity is stimulated by mutations in negative regulatory sites (30) , but the Lck cDNA which we cloned is predicted to encode a protein lacking kinase activity. Therefore, its weak transforming activity may occur through a different mechanism. The truncated Lck cDNA included three out-of-frame ATG codons upstream of the first ATG in the Lck-encoding reading frame. When these upstream ATGs were removed, which would be predicted to improve the translation efficiency of the cDNA (26) , both the frequency and the potency of transformation were increased (Table 3 ). This finding implies that transformation was indeed mediated by the predicted translation product. The other cDNAs represented in the databases were derived from genes which were not previously identified as having transforming activity, and therefore their mechanisms of transformation are speculative. Thrombin receptor expression and its cleavage by thrombin in the serum used for cell culture presumably activates a G-protein-coupled mitogenic signalling pathway (27, 48) in NIH 3T3 cells, as has been demonstrated for ligand-stimulated serotonin and muscarinic receptors (18, 23) . The transforming effects of the truncated ␤-catenin may be due to its disruption of the function of ␤-catenin-associated cell adhesion molecules such as E-cadherin (19), leading to transformation via loss of contact-induced growth repression. Alternatively, expression of truncated ␤-catenin may itself trigger a mitogenic signal transduction pathway in NIH 3T3 cells. The mechanism of action of the truncated phospholipase C-␥ 2 is even more obscure, as it does not encode the catalytic domains required for mitogenic signal transduction (14) . It could conceivably act by interfering with the function of an unknown inhibitor of the endogenous phospholipase C-␥ 1 of NIH 3T3 cells. As seen for the Lck cDNA, the transforming activities of the truncated ␤-catenin and phospholipase C-␥ 2 cDNAs were increased (Table 3) when upstream ATGs were removed and the sequence contexts of the presumptive initiation codons were optimized for translation (26) .
The transforming activity of the antisense Spi-2 cDNA was presumably due to an inhibitory effect on the stability or translation of mRNAs encoding the Spi-2 protease inhibitor (20) , leading to increased secreted protease activity and disruption of cell-cell or cell-matrix contacts which normally repress proliferation.
The remaining seven of the transforming cDNAs do not have high sequence identity with any entries in the DNA sequence databases. Three of these cDNAs encode proteins which include domains with homology to the CDC24 family of guanine nucleotide exchange factors (6) and therefore are presumed to transform NIH 3T3 cells by constitutively activating signal transduction through Ras-like proteins. One of the other novel clones has an antisense-oriented reading frame with weak but significant sequence similarity to beta subunits of G proteins and thus potentially acts as a suppressor of an endogenous G-protein-coupled signal transduction pathway which inhibits transformation of NIH 3T3 cells.
Of the 14 different types of cDNAs which were isolated in our screening of the retroviral cDNA libraries, 8 encoded proteins which are known or strongly implicated as positive inducers of mitogenic signals, and one (TL18-10cA1) may be an antisense suppressor of an inhibitor of mitogenic signals. This high yield of known or presumptive growth regulators confirms the validity of using the NIH 3T3 focus formation assay for detecting cDNAs encoding proteins with these functions. The fact that four of these cDNAs had not previously been cloned confirms our expectation that many novel growth regulators remain to be cloned via screening for transformation of NIH 3T3 cells or other transformation-susceptible cell lines. Given the proportion of growth regulators isolated in our screen, there is a high probability that the three novel cDNAs with no obvious coding sequence similarity to known proteins will also prove to be bona fide growth regulators. Alternatively, one or more of these cDNAs may encode or repress the expression of proteins which morphologically transform NIH 3T3 cells by a TL16 and TL17 cDNAs were cloned from the GM979 erythroleukemic cell line cDNA library, TL18, TL19, and TL20 cDNAs were from the 32D myeloid cell line library, and the TL25 and TL27 cDNAs were from the B6SUtA 1 hemopoietic progenitor cell line library.
b Maximal density of cell growth and degree of morphological transformation observed in foci arising in NIH 3T3 cultures after infection with retroviral vectors carrying the indicated cDNA.
c Ratio of transformed colonies to total colonies arising in low-density NIH 3T3 cultures infected with pCTV3 retroviruses carrying the indicated cDNA. Colonies were counted and scored as transformed or nontransformed after 5 to 14 days under hygromycin selection. The spontaneous transformation frequencies of NIH 3T3 cultures infected with the pCTV3 vector alone ranged from 0.0001 to 0.001. The pCTV3/N-Ras virus had a transformation frequency of 0.7. ND, not determined.
d The sequences flanking presumptive start codons in these cDNAs were altered, as listed below, to optimize translation efficiency as follows: TL16-8cC9, CTGTTATGG; TL16-8/ATG, CCACCATGG, and one upstream ATG removed; TL17-11cB5, TGTGGATGG; TL17-11/ATG, CCACCATGG, and three upstream ATGs removed; TL18c2, TGGACATGC; TL18c2/ATG, CCACCATGG, and one upstream ATG removed. The cDNAs were also truncated immediately upstream of the modified start codons, to remove out-of-frame ATG codons which would be expected to reduce translation efficiency from the presumptive start codons. altering cell surface interactions (possible examples being the Spi-2 and ␤-catenin clones). Some of the cDNAs described above appear to have acquired transforming activity via mutations arising in the process of cDNA library construction, i.e., truncation or inversion. The expression of such altered cDNAs can therefore be critical to the induction of a desired phenotype, either through the removal of negative regulatory domains from a phenotype inducer (e.g., truncated Raf-1 and Ect2) or by the generation of suppressors of phenotype repressors (e.g., antisense Spi-2). The possible dependence on specific mutation for the revelation of a phenotype such as oncogenic transformation means that only a small subset of the cDNAs derived from transcripts of a given gene may be functionally detectable. Furthermore, many of the cDNAs cloned in this study had transformation frequencies considerably less than 1. While this may in part be due to the transmission of a partially deleted virus or to promoter interference resulting in the inactivation of the LTR, in most cases it is likely due to critical thresholds of expression not being reached by most of the proviruses carrying the cDNA. Thus, the ability to transfer and screen very large cDNA libraries can be an essential requirement for the cloning of such cDNAs.
The NIH 3T3 cell line is obviously a very effective recipient cell for detecting and cloning oncogenes. This is largely because of its high susceptibility to transformation by the expression of proteins which activate the Ras-Raf signal transduction pathway. When expressed in the C3H10T1/2 fibroblast line, only the truncated Raf cDNA and the TL19-10c2 cDNA caused transformation, while all other cDNAs listed in Table 3 were negative. However, we have recently used the C127 epithelial cell line as a recipient for cDNA library transfer and have isolated one cDNA encoding a putative transcription factor which transforms this line but does not transform NIH 3T3 cells. This implies that the use of alternative recipient cells can either restrict or expand the spectrum of transforming cDNAs which can be detected and cloned.
The 19 transforming cDNAs listed in Table 3 were isolated from a relatively small number of transferred clones, representing just 7% of the 4 million clones in the available libraries.
The scale of our library screens has been restricted not by the number of cDNA clones which can be transferred but rather by the number of transforming cDNAs which can be processed and analyzed. There are presumably many more transforming cDNAs remaining to be detected in these libraries. Of the 14 different types of transforming cDNAs isolated, multiple independent clones were obtained only in the case of the thrombin receptor, reflecting the relatively high abundance of its mRNA in 32D cells (25a) and the apparent ability of this receptor to transform NIH 3T3 cells without a requirement for specific truncating mutations.
Two major advantages were obtained through the use of retroviral library transfer for the isolation of cDNAs capable of inducing proliferation of NIH 3T3 cells. The first was the ability to screen very large numbers of cDNA clones on an equivalent number of recipient cells. This resulted in a high rate of cDNA-induced versus spontaneous transformation events and thus a high rate of recovery of transforming versus inert cDNAs. The second advantage was the relatively high levels of expression obtained with retrovirally transferred cDNAs, which in our hands are 10-fold greater on average than those obtained with the best available stable transfection vectors. Efficient expression can be critical for obtaining transformation and other targeted phenotypes in recipient cells, particularly when an antisense mechanism is involved.
A third major advantage of retroviral cDNA library transfer, not exploited in this study, is the potential to use cell lines which have previously been completely inaccessible to expression cloning because of low transfection efficiencies. There are only a limited number of fibroblast and epithelial cell lines which can be stably transfected with efficiencies of greater than 0.1% (10, 11) . In contrast, almost all cell lines and some primary cell types can be infected with retroviruses. We have recently begun generating retroviral cDNA libraries with the BOSC23 packaging cell line, which was established for the specific purpose of yielding high viral titers via transient transfection (41) . The viral titers of up to 10 6 /ml obtained with these packaging cells are sufficiently high to enable the transfer of million-member cDNA libraries to hemopoietic cell lines and the detection of rare cDNA clones conferring selectable phenotypes such as conversion to growth in the absence of cytokines (50) . Use of the BOSC23 cell line should permit the transfer of large cDNA libraries to cell lines representing many different lineages as well as to some primary cell types. This would make retroviral transfer of cDNA libraries uniquely suitable for the cloning of cDNAs which can impose new phenotypes or complement genetic defects in specialized cell types.
